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(54) Direct-conversion receiver using quadrature error correction 



(57) The present invention generally relates to the 
field of direct-conversion receiver architectures for the 
processing of modulated RF signals, especially to an 
analog four-port hardware structure (404a and/or 404b) 
with a reduced power consumption applied to the l/Q 



demodulator (112b) and/or the l/Q modulator (112a) of 
a direct-conversion transceiver to compensate ampli- 
tude offsets and phase imbalances, a mobile receiver 
comprising said analog four-port hardware structure 
(404a and/or 404b). 
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Description 

FIELD AND BACKGROUND OF THE INVENTION 

5 [0001] The present invention generally relates to the field of direct-conversion transceiver architectures for the 

processing of modulated RF signals, especially to an analog four-port hardware structure applied to the l/Q demodulator _ 
and/or the l/Q modulator of a direct-conversion transceiver to compensate amplitude offsets and phase imbalances, 
a mobile transceiver comprising said analog four-port hardware structure, and particularly to a method for calibrating 
and operating said mobile transceiver. 

10 [0002] In order to understand the main idea of the underlying invention, it is necessary to give a brief mathematical 
description of equivalent low-pass signals and the generation of in-phase (I) and quadrature (Q) signals needed for 
the performance of l/Q modulation and/or l/Q demodulation. 

[0003] Analog l/Q modulators and l/Q demodulators are functional entities which are frequently used in RF engi- 
neering. In an l/Q modulator, a real-valued RF signal x(t) having a frequency content concentrated in a frequency band 
15 in the vicinity of a center frequency f RF is represented by its complex-valued equivalent low-pass signal x LP (t), which 
is given as follows: 

-j-2ic-f RF -t 

x LP (t) = x + (t)-e 

20 

[0004] In this equation, x + (t) denotes the so-called "analytical signal" or "pre-envelope" of the received RF signal x 
(t), which only consists of positive frequencies in x(t). It can be obtained from x(t) by means of the following equation: 




25 



x + (t) = x(t) + j-H{x(t)} = x(t) + j-i-J |M dx 



30 



with 



35 



H{x(t)} := h(t) * x(t) = Jx(x).h(t-T)dT, 



thereby using 



40 



h(t) := — V t € R 

71- t 



45 



and 



50 



H(f)« 



J h(t) e^ £t dt = -j-sgn(f) = 



-j for f > 0 
0 for f = 0 , j := V^T , 
+j for f < 0 



wherein 



55 h(t) denotes the impulse response of a Hilbert transformer which servers as a 90° phase shifter, 
H(f) is the Fourier transform of h(t), and 
HB represents the Hilbert transform operator. 



2 



BNSDOCID: <EP. 



.1 298791 A1_l_> 



EP 1 298 791 A1 

[0005] Using the Fourier transform of the analytical signal x + (t), which is given by 



w 



15 



20 



25 



30 



X + (f) = X(f).[1 + j.H(f)] = X(f)[1 + sgn(f)] s 
the Fourier transform of the equivalent low-pass signal x LP (t) yields 

XLp(f) = X + (f + f RF ). 

[0006] In general, the complex-valued equivalent low-pass signal x LP (t) can be expressed i 

x LP (t) = i(t)4-j-q(t), 



wherein 



denotes the in-phase (I) signal, and 



i(t):= Re{x LP (t)} 



q(t):= lm{x LP (t)} 

denotes the quadrature (Q) signal. 

[0007] Using i(t) and q(t), in case of up-conversion the l/Q modulated RF signal x(t) to be transmitted can be written as 

x(t) = Re{x + (t)} = Re{x LP (t).e +i ' 2,r * fRF 



= i(t).cos(27u.f RF -t) - q(t).sin(27c.f RF .t). 

[0008] In case of down-conversion, the l/Q demodulated baseband signals i(t) and q(t) can be obtained by multiplying 
35 the received RF signal x(t) with sinusoidal functions and low-pass filtering the result: 



40 



i(t) = x(t)-2 cos (27t f RF • t)-rect 



2-f co J 



q(t) = -x(t)-2-sin(2*-^ r -t)-rect^j^— 



thereby using 



50 



55 



rect 



and the three trigonometric identities 



fcoj 



1 for |f| < f co 
1/2 for |f| = f co 
0 otherwise 
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cosx-cosy = i-[cos(x + y)+cos(x-y)] V x,y e (I) 
sinx-siny = i • [cos(x - y) - cos(x + y)] V x, y e v>, and (II) 



cos x-sin y = | [sin(x + y) - sin(x - y)] V x,y 



€ (HI) 



wherein 



f co denotes the cut-off frequency of the applied low-pass filters, and 
rect(-) denotes the rectangular function. 

[0009] Since the analog RF signal x(t) can be written as 

x (t) = x BB (t).cos(27c-f RF «t), 

wherein x BB (t) denotes the analog baseband signal, 
said analog baseband signal x BB (t) can be derived from the equivalent low-pass signal x LP (t) as follows: 



30 x bbW = |x LP (t)| = jRe 2 {x LP (t)} + lm 2 {x LP (t)} = 7i 2 (t) + q 2 (t). 

[0010] In specific cases the process of up- and down -conversion turns out to be a serious issue for the applied RF 
system solution, mainly due to simplicity requirements and low-cost approaches. Nowadays, typical approaches applied 
to l/Q modulators and demodulators usually eliminate the impact of direct current (DC) offsets and neglect the impacts 
of an l/Q imbalance. 



BRIEF DESCRIPTION OF THE STATE OF THE ART 

[0011] Conventional approaches for l/Q modulators and l/Q demodulators in mobile transceivers according to the 
state of the art are mainly directed to mobile telecommunication systems for digitally compensating imbalances with 
the aid of a digital processing unit as depicted in Figs. 1a+b. Therefore, the digital baseband parts of current digital 
systems provide capabilities for performing a phase and amplitude compensation of a received signal 
[0012] According to the state of the art, there are different methods to the problem of compensating amplitude and 
phase errors arising in the scope of RF down<onversion, each of them having certain advantages and disadvantages 
In order to explain these solutions and to understand the idea of the underlying invention, it is necessary to briefly 
investigate the characterizing features of two frequently employed receiver architectures, heterodyne receivers and 
homodyne receivers, especially with regard to the effects of amplitude offsets and phase imbalances on the quality of 
the demodulated signal. y 
[0013] Heterodyne receivers (also called "low-IP receivers) downconvert an RF signal to an intermediate frequency 
(IF), perform band-pass filtering and amplification, and translate the spectrum to a lower frequency. In case of phase 
or frequency modulation, down-conversion to the baseband requires signals with both in-phase (I) and quadrature (Q) 
components since both sidebands of an RF signal carries different information and must therefore be separated into 
quadrature phases. Perhaps the most important feature of heterodyne receivers is their selectivity, which means their 
capability to process and select small signals in the presence of strong interferers. A low-IF receiver architecture can 
be implemented in a highly integrated way and is not sensitive to parasitric effects such as DC-offset voltages and self- 
mixing products. Nevertheless, heterodyne receivers entail a number of disadvantages. For example this architecture 
severely suffers from the problem of image signals coming from adjacent channels which can not entirely be removed 
by RF band-pass filtering. The trade-off between image rejection and channel selection typically requires a relatively 
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high intermediate frequency (IF), which makes it difficult to integrate the IF filter monolithically. Furthermore, the reject 
filter is a passive, bulky device which must be placed off -chip and driven as a 50-n load. 

[0014] In the literature, many methods have been proposed to improve the matching issues in the low-IF receiver 
architecture. For example, modifications of the phase-shift circuit were introduced along with a careful tuning and 
5 trimming of the analog circuits. In another approach, a double quadrature down-converter serves to make analog 
circuits more robust with respect to phase mismatches. Moreover, digital approaches were presented for the correction 
of the l/Q mismatch. 

[0015] Homodyne receivers (also called "direct down-conversion" or "zero-IF" receivers) translate the channel of 
interest directly to the baseband. Consequently, the problem of distorting image frequencies is circumvented. Generally, 
10 a direct-conversion receiver architecture requires fewer discrete components and achieves a higher integration level 
than other traditional receiver architectures. For frequency- and phase-modulated signals the down-conversion must 
provide in-phase (I) and quadrature (Q) signals in order to avoid a loss of information. Thereby, quadrature mixing in 
theory provides infinite attenuation for the entire image band. In practice, however, quadrature down-conversion to a 
very low intermediate frequency (IF) involves one serious problem. Since unavoidable imbalances in the analog front- 
's end between the l-and Q-branches, lead to a finite and usually insufficient rejection of the image frequency band, 
interferences distorting the quality of the received signal arise. These imbalances mainly occur due to finite tolerances 
of capacitor and resistor values which are used to implement the analog components. 

[0016] Besides, said architectures entail several other disadvantages. For instance, DC-offset voltages due to self- 
mixing and flicker noise substantially corrupt the obtained baseband signal. Moreover, mismatches between the in- 
20 phase (I) and quadrature (Q) phase channels also distort the baseband signal constellation, thereby degrading the 
signal-to-noise (SNR) performance. These l/Q mismatches can be reduced by means of a careful circuit design and 
fabrication procedure. Nevertheless, both DC-offset voltages and flicker noise are still difficult to deal with and require 
further efforts to overcome. 

[001 7] Whereas a perfectly balanced quadrature down-conversion corresponds to a pure frequency translation, said 
25 imbalances also introduce a further frequency translation in the other direction. Consequently, this results in a mixture 
of the image signal and the desired signal. In conventional direct down-conversion receivers, phase imbalances of up 
to 2° and amplitude imbalances of up to 2 % are realistic, which results in up to 40 dB attenuation of the image signal. 
[0018] In the literature, both analog and digital techniques are presented which can be used for compensating the 
effects of l/Q imbalance. Thereby, interference cancellation based phase imbalance and amplitude offset compensation 
30 structures are described utilizing baseband digital signal processing. 

[0019] In order to gain more insight into the effect of l/Q imbalance, the received signal shall be given in the form 



35 



40 



45 



50 



55 



x RF (t) = a-cos(<o c -t) - bsin(io c t) 

with 

o> c = 2nf c and a,b e {-1 ;+1} 

wherein f c denotes the center frequency of the received RF signal. In the following it shall be assumed that the in- 
phase (I) and the quadrature (Q) component of the local oscillator (LO) signal are given by 



x LO ,r(t) - 2^1 + |)-cos£(D c -t + !j, 
*Lo,o(t) := 2-£l-|J.cos£© c -t-|J, 



wherein 



f LO is the frequency of the local oscillator (LO), 
e represents the amplitude error, and 
G represents the phase error. 
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[0020] The factor 2 in the equations for x LO ,(t) and x LO Q (t) is included to simplify the results. Multiplying x jn (t) with 
x LO ,(t) and x LO Q (t), respectively, and low-pass filtering the results yields the following baseband (BB) signals: 



( V ( l\ ($\ ( Z\ 

1 \c) - a- If - cos - - b- 1 + - sin 
^ 2) \2) \ 2) 



^2 



10 



*BB, Q (t) = " a *[ 1 ~|)" 



sin 



+ b- 1 



-|)-coa (|), 



15 



20 



25 



30 



35 



thereby using the three trigonometric identities (I), (II) and (III). 

[0021] Gain errors and phase imbalances can be seen best by inspecting down-converted QPSK signals in the time 
domain. Thereby, a gain error simply appears as a non-unity scale factor in the amplitude. Phase imbalances, on the 
other hand, corrupt each channel by a fraction of the data pulses in the other channel, in essence degrading the signal- 
to-noise ratio (SNR) if the in-phase (I) and quadrature (Q) streams are uncorrelated. In practice, it is desirable to 
maintain the amplitude mismatch e below 1 and the phase error 6 below 5°, depending on the respective type of 
modulation. 

[0022] Besides direct-conversion receivers, amplitude offsets and phase imbalances are also a critical issue in the 
scope of image-reject receivers. In the following section a brief description of the signal down-conversion using a direct- 
conversion receiver architecture shall be given, in which the effect of gain and phase errors can easily be studied. 
[0023] The idea in an image-reject architecture is to differently process the desired RF signal x sjg (t), which shall be 
written as x RF (t) in the following sections, and the image signal x jm (t), thereby allowing a cancellation of the image 
signal by means of its negated replica. Said distinction between the RF signal x RF (t) and the image x im (t) is possible 
since these signals lie on different sides of the LO frequency f LO : 



f im < f LO < f RF 



0r f RF < f LO < f in 



wherein 



RF 



f. 



is the center frequency of the image signal, 
is the frequency of the local oscillator (LO), and 
is the center frequency of the desired RF signal. 



[0024] An image-reject architecture originating from a single-sideband (SSB) modulator was introduced by Hartley 
in 1928. Hartley's circuit mixes an RF input signal with the two quadrature signals x LO A (t) and X LO B (t) of a given local 
oscillator (LO), 



40 



X LO,A( t ) = A LO* sin ( C0 LO' t ) 



and 



45 



Xlo.bTO :== A LO *cos(o) LO t) 



with 



50 



U) LO = 27T-f, 



LO' 



wherein 



55 



A LO denotes the amplitude of the LO signal, 
is the frequency of the LO signal, and 
represents the observation instant. 



f. 



LO 



low-pass filters the resulting signals, and shifts one by 90° before adding them together. To understand the underlying 
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principle, an input x in (t) signal shall be given which consists of a desired signal x sjg (t) and an image signal x jm (t) : 

x in< l ) = x sjg (t)+x im (t) 

with 

XsigW s x RfM = A RF -oo8(co RF -t),x lni (t) = A jm .sin(a> jm t), 
o> RF = 2ti -f RF and co, m = 2n-f im 

wherein 



A im denotes the amplitude of the image signal, 

A RF denotes the amplitude of the desired signal, 

f im is the center frequency of the image signal, 

f RF is the center frequency of the desired signal, and 

20 t represents the observation instant. 

[0025] Thereby, without a loss of generality, low-side injection shall be assumed: 

f IF : = f RF- f LO = f LO- f im ( with f RF > f LO > f im) 



25 



30 



wherein f, F denotes an intermediate frequency (IF). 
[0026] Multiplying x jn (t) with x LO A (t) and x LOB (t), neglecting high-frequency components and shifting the signal x in 
(t)-x LO ,A(t) by 90° yields: 



a(t) = x in (t)x LO>A (t) 



= ^4^--cos[(iD RF -a> lo ).t] - ^_^.cos[(ca LO -co im ).t] 



and 



40 



b(t) = x^tO-x^t) 

using (I), (III) and sin(x-90°) = - cos (x)Vx6^».. 
[0027] By adding a(t) and b(t), the following output signal can be obtained: 



50 



55 



x tF (t) = a(t)+b(t) = A RF .A L0 .cos((o IF -t) 

with 

to IF = 27t-f 1F . 
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[0028] Thus, the desired signal x sjg (t) is down -con verted to an intermediate frequency (IF) without any distortion 
caused by the image signal x im (t) since the signal components x A (t) and x B (t) have the same polarity, whereas the 
components of the image signal x lm (t) have opposite polarities. 

[0029] However, the principal drawback of Hartley's architecture is its sensitivity to amplitude mismatches and/or 
5 phase imbalances. If the LO signals x LO A (t) and x LO B (t) are not in exact quadrature (which means that the phase 
difference of x LO A (t) and x LO B (t) is not exactly equal to ±90°), or if the gains and phase shifts in the paths yielding x A 
(t) and x B (t) are not identical, the cancellation of the image signal as described above is incomplete. Hence : the image 
signal distorts the down-converted signal x, F (t). 

[0030] In order to better understand the effect of amplitude mismatches and phase imbalances on the quality of the 
10 down-converted signal x, F (t), a further calculation shall be performed. In the following it shall be assumed that the LO 
signals are given by 



15 



20 



35 



40 



45 



X LO.A( t ) = A LO* sin ( t0 LO* t ) 

and 

Xlo.bW : = < a lo + e )* cos (^LO-t + G )> 

wherein 



f LO is the frequency of the local oscillator (LO), 
e represents the amplitude offset, 
25 G represents the phase imbalance, and 
t denotes the observation instant. 

[0031] In this case, multiplying x jn (t) with x LO A (t) and x LOB (t), neglecting high-frequency components and shifting 
the signal x jn (t)-x LO A (t) by 90° yields: 

30 

a(t) = A^.|^.cos[(© ftF -O t] - ^-cosKco^ -co im )-t] 



and 



b(t) = (A LO+ e)-|^.cos[(co RF -a> LO ).t4-e] + • cos - cD im )- 1 + 9 ] j 

using (I), (III) and sin(x - 90°) = -cos (x)VxG9». 

[0032] Adding a(t) and b(t) yields both the desired signal x si (t) and a fraction of the down-converted image signal 
Xim(t): 



x IF (t) = a(t) + b(t)-x sig (t) + x jm (t) 

so with 



A RF • (A L 0 + £) A, n • Arc 

XsigO) := — ^ cos(o> IF -t+e) + LQ 2 RF cos(o> |F 4) 



55 



and 
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x im (t) := ' m V 2 LO ?.cos(co IF .t + 0) - _t^-in).cos(a> lF .t) > 

5 using 

a) IF = 2Tff |F and f |F := |f RF -f LO | = |f LO - f im| 

w [0033] In the PCT application WO 00/52840 a multi-band transceiver architecture utilizing a direct-conversion re- 
ceiver is disclosed for directly down-converting RF signals to the base-band. Thereby, the direct down-conversion 
receiver comprises a tunable oscillator system for providing a first signal s^t) at a frequency f 1 being the n-th order 
subharmonic of the selected carrier frequency f 2 = n-^ (with n e <D \ {1}) of a second signal s 2 (t) within the selected 
frequency band, filtering means and a frequency translator configured to switch said second signal s 2 (t) to the output 

15 by means of a switching action occurring at n-t,. 

DEFICIENCIES AND DISADVANTAGES OF THE KNOWN SOLUTIONS OF THE STATE OF THE ART 

[0034] Common dual mode transceiver architectures are using separated receive (RX) and transmit (TX) chains for 
20 different operation frequency bands. Consequently, the number of components necessary and the power consumption 
is very high as each chain has its own filters, mixers and amplifiers which are not reused. For example, multi-band 
transceivers have the problem of an increased power consumption due to two or more independent receive (RX) and 
transmit (TX) chains. 

[0035] Many conventional transceivers show furthermore the restriction that they can only be operated in combination 
25 with standards that provide a limited bandwidth. 

[0036] In addition, conventional transceivers in accordance with the present state of the art do not imply sufficient 
possibilities for an image rejection and the suppression of interferences due to adjacent channels. 

OBJECT OF THE UNDERLYING INVENTION 

30 

[0037] In view of the explanations mentioned above it is the object of the invention to propose a novel low-cost and 
low-power approach for an analog circuitry applied to the l/Q demodulator and/or the l/Q modulator of a direct-conver- 
sion transceiver architecture, which enables an improved compensation of amplitude offsets and phase imbalances. 
[0038] This object is achieved by means of the features in the independent patent claims. Advantageous further 
35 developments are defined in the dependent patent claims. 

SUMMARY OF THE INVENTION 

[0039] In contrast to the above-mentioned approach to perform a digital compensation of the l/Q imbalance according 

40 to the solution described in WO 00/52840, the proposed solution according to the preferred embodiment of the under- 
lying invention refers to an analog compensation of amplitude offsets and phase imbalances occurring in the l/Q mod- 
ulator and l/Q demodulator of a direct-conversion transceiver by introducing additional analog hardware means. There- 
by, said analog circuit is specially designed to cope with l/Q imbalances and DC offsets even in case of wideband 
operation. Besides, a specific solution for a direct-conversion transceiver applied to an half duplex time division radio 

45 system, and a method for calibrating and operating said direct-conversion transceiver are proposed which can easily 
be realized. A practical application of said system refers to mobile radio systems using the HiperLAN/2 (H2) standard. 
[0040] The advantage of using said analog circuit consists in needing less digital operations, which involves a reduced 
complexity of the digital part and a reduced power consumption of the entire system. An analog compensation of the 
l/Q imbalances and a compensation of the DC offsets can be achieved by means of a low-cost solution using a simple 

so analog circuitry with a reduced power consumption. 

[0041] Whereas the transceiver structure proposed in the PCT application WO 00/52840 comprises separate up- 
and down-conversion blocks and a separate mixer circuitry, in the proposed solution according to the preferred em- 
bodiment of the underlying invention, by contrast, mixer entities used for an l/Q modulation and an l/Q demodulation 
can be reused by applying said analog circuitry for compensating l/Q imperfections. Thereby, the same analog com- 

55 pensation structure can advantageously be applied to the transmit (TX) and receive (RX) mode. Moreover, the cali- 
bration procedure can considerably be simplified. 

[0042] The purpose of the calibration procedure needed for an l/Q modulation and/or l/Q demodulation is to evaluate 
the gain block settings of the proposed entity which are needed for an analog l/Q compensation and DC offset com- 
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pensation. Thereby, a calibration procedure has to be performed for each frequency channel of operation Said cali 
them the^ t 6 ™* ^° * 8 ,h,tod nUmber of ^uJW chEnE^^?^ 

S SibtrXr 8 ^ C ° mPenSati0n ^ bS S6t b ' °< anintemolatioV^the 

BRIEF DESCRIPTION OF THE CLAIMS 

[0043] Claims 1, 2, 7, 8, 13 and 14 and the dependent claims 3 to 6, 9 to 12 and 15 to 18 refer to an analoo four 

nZIZTl I ' dlrect - convers,on transc ei ver, respectively. Thereby, said analog four-port hardware st ucture is 
5SS5?T n If ^" and/ ° r down - conversi °" ™ers and the digital-to-analog and/or analog-to-Sal converter in 
the modulator and/or demodulator structure of said direct down-conversion receiver, mobile transmitter o *Z con 

Z7* TZSF ? C ° mpenSate imbalances caused by amplitude and/or phase offsets 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0045] Further advantages of the underlying invention result from the subordinate claims as well as from the followina 
descr.pt.on of two preferred embodiments of the invention which are depicted in the following drawings HerS! 

Fig. 1 a shows the structure of the I/O modulator 11 2a in a solution according to the state of the art, 

Fig. 1b shows the structure of the I/O demodulator 112b in a solution according to the state of the art, 

Fi9 2 iz s :tz^t^ the ,/Q demodu,ator ii2b comprisin9 additi ° nai »» 

Fi9 - 3 ^£^ m VZ£. modu,ator 1123 comprisin9 additional anal ° 9 hardware f — ali * 

R9 ' 4 th , 6 fU h nC |i 0na,it y of the Proposed joined I/O modulator and l/Q demodulator 41 0 according to an 

embodiment, wh.ch is suitable for half duplex time division radio systems, 

Fig. 5a shows the proposed analog circuitry 404a according to embodiment used for compensating the l/Q imbal- 
ance forthe case of an l/Q modulator 112a, wherein a general solution 500a is employed 

^ frlZL^TT 8 ^ ana '° 9 CkCUitrV 4 ° 4a acC0rding 10 an ^odiment used for compensating the l/Q 

TemZ Tt CaSS °l an ' /Q m ° dUlat0r 1 1 28 ' Wher6in 8 special so,ution 500b •» ^Suced comptexrty 
is employed for cases where the phase imbalance can be considered as small, omp.ex.ty 

Fig. ea shows the proposed analog circuitry according to an embodiment used for compensating the l/Q imbalance 
for the case of an l/Q demodulator 11 2b, wherein a general solution 600a is employed 

Fig. 6b fhows the proposed analog circuitry according to an embodiment used for compensating the l/Q imbalance 

Lmllfn? an ° dem0dU ' ator 112b ' wherein a ^cial button 600b with a reduced complexes 
employed for cases where the phase imbalance can be considered as small, 

R9 ' 7 emb W odi a m fn? e,al H °' Uti0n 700 f ° r Pr ° P0Sed ana '° 9 f ° Ur - port hardware tn-ture 404a according to an 

XwT^Z^TTT 9 ?. ,/Q imba ' anCe " 0356 ° f 3 j0ined l/Q ^modulator and l/Qmodu- 
lator 410 applied to half duplex time division radio systems, 

shows a special solution 800 for the proposed analog four-port hardware structure 404a with reduced 
comply according to an used for compensating the l/Q imbalance in case of a joined S2^2S2 

anl^anTr^^ 



55 Rg. 8 
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15 



20 



Fig. 9 shows the proposed analog four-port hardware structure 404b according to an embodiment used for com- 
pensating DC offset voltages, 

Fig. 10 exhibits a vector diagram 1000 which illustrates the problem of the l/Q imbalance before being compen- 
sated, 

Fig. 11 presents mechanisms 1100a+b according to an embodiment for compensating the l/Q imbalance realized 
by means of the analog four-port hardware structure 404a as depicted in Figs. 4 to 8, 

Fig. 12 presents a complete direct down-conversion receiver 1200 realizing the analog approach according to the 
preferred embodiment of the underlying invention, 

Fig. 13 exhibits the simulation set-up 1300 for the compensation of the in-phase (I) and quadrature (Q) channel 
according to an embodiment, 

Fig. 14a shows a FFT spectrum 1400a in case of a single-sideband (SSB) rejection, in which a compensation of 
the l/Q imbalance is not performed, and finally 

Fig. 14b shows a FFT spectrum 1400b in case of a single-sideband (SSB) rejection, in which a compensation of 
the l/Q imbalance is performed according to an embodiment. 

DETAILED DESCRIPTION OF THE UNDERLYING INVENTION 



25 



30 



35 



40 



45 



[0046] In the following the functions of the elements comprised in a first embodiment of the underlying invention as 
depicted in Figs. 2 to 14b are explained in comparison with an already known solution according to the state of the art 
as depicted in Figs. 1a+b, which is already described above. 

[0047] In the solution according to the preferred embodiment of the underlying invention as depicted in Figs. 2 to 4 
two four-port blocks 202a+b, 302a+b or 404a+b comprising analog means for compensating l/Q imbalance and DC 
offsets are proposed. These two functional blocks 202a+b, 302a+b or 404a+b, which will be explained in detail in the 
following sections, are placed between the mixer entities 108a+b, 108c+d or 406a+b and the low-pass filter entities 
105a. Within the chain both blocks 108a+b f 108c+d or 406a+b and 105a may exchange the position within the archi- 
tecture 200, 300 or 400 for the l/Q modulator 112a, the l/Q demodulator 112b or the joined l/Q modulator and l/Q 
demodulator 410 suitable for half duplex time division radio systems. 

[0048] In Figs. 2 to 4, analog four-port hardware structures 202a+b, 302a+b and 404a+b for performing an l/Q com- 
pensation are shown. The details of said analog circuits can be taken from Figs. 5a+b and 6a+b. Thereby, each of the 
proposed analog four-port hardware structures 202a+b, 302a+b or 404a+b comprises two input ports and two output 
ports, in which a first input signal is connected to a first input port intended for the non-compensated in-phase signal 
i(t), and the second input signal is connected to a second input port intended for the non-compensated quadrature 
signal q(t). It has to be noted that the opposite signal allocation can also be applied. 

[0049] In general, each input signal is provided with two chains. According to the general first solution 500a and 
600a of the underlying invention as depicted in Figs. 5a and 6a, the non-compensated quadrature signal q(t) is multiplied 
with a factor G v and added to the non-compensated in-phase signal i(t), thereby yielding the compensated in-phase 
signal i'(t), which is led to the output port of a first chain. The compensated quadrature signal q'(t) can be obtained at 
the output port of a second chain by multiplying the quadrature signal q(t) with the factor 



50 



'i'(t)" 




fi 


"i (t)~ 


_q*(t)_ 




[0 gJ 


_q(t)_ 



(1) 



with Gi,G 2 e ^ . 



55 



[0050] According to a special second solution 500b and 600b of the underlying invention as depicted in Figs. 5b and 
6b, the non-compensated quadrature signal q(t) is also multiplied with a factor G 1s and added to the non-compensated 
in-phase signal i(t), thereby yielding the compensated in-phase signal i'(t), which is led to the output port of a first chain. 
However, the compensated quadrature signal q'(t) at the output port of a second chain is identical with the non-com- 
pensated quadrature signal q(t): 
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rivt)! _ fi gA i"i (t) 

Lq'(t)J " [o 1 Jlq(t) 



(2) 



with Gi e 



In this context, it should be noted that 



10 - each of the gains (G 1 and/or G 2 ) may take negative values (IG 1 I < 1 and/or IG 2 I < 1), thereby serving as an 
attenuation, or positive values (IG.,1 > 1 and/or IG 2 I > 1), thereby acting as an amplification, 
the variable gain amplifiers (VGAs) forming the gain blocks 504a+b and 604a+b can be realized by a plurality of 
different hardware solutions, 

the gains G 1 and G 2 of said gain blocks 504a+b and 604a+b are optionally adjusted by a systems control unit 502, 
15 and 

the whole analog four-port hardware structure 404a can be integrated in the same analog chip, where the mixer 
components 108a+b, 108c+d or 406a+b are placed. 

[0051] Compared with the general first solution 500a, 600a and 700 as depicted in Figs. 5a, 6a and 7, in case of the 
20 special second solution 500b, 600b and 800 as depicted in Figs. 5b, 6b and 8 the hardware complexity of the described 
analog four-port hardware structure 404a can optionally be reduced by omitting the second gain block 504b, 604b and 
704b, respectively, since only one gain block 504a, 604a or 804 providing an amplification or attenuation by multiplying 
the non-compensated quadrature signal q(t) with the factor G 1 is actually needed. This especially applies to structures, 
wherein only small phase imbalances (usually less than 1 0°) and almost no amplitude imbalances have to be corrected. 
25 [0052] In Fig. 7 an overview block diagram exhibiting a general first solution 700 for the analog four-port hardware 
structure 404a comprising analog means for providing an l/Q imbalance compensation in case of l/Q demodulation 
and/or l/Q modulation for time division half duplex radio systems is presented. The main difference compared to the 
general first solution 500a and 600a as depicted in Figs. 5a and 6a is that there is a switch functionality similarly acting 
as TX/RX switches 708a-c. For example, in order to enable the receive (RX) mode, all TX/RX switches 708a-c are 
30 placed in position 1 -2. If the transmit (TX) mode shall be enabled, all TX/RX switches 708a-c are placed in position 
1 -3. It should be noted that the gains G 1 and G 2 of the employed gain blocks 704a+b, which are controlled by a system 
control unit 702, may optionally be different during theTX mode (1-3) and the RX mode (1-2). 

[0053] A simplified special version 800 of the proposed analog four-port hardware structure 404a with only one gain 
block 804 can be taken from Fig. 8. Analogously, the gain G 1 of the employed gain block 804 may be different during 

35 TX mode and RX mode. 

[0054] In Fig. 9 a solution 900 for an analog four-port hardware structure 404b is presented which can be used for 
performing an analog compensation of DC offsets of received RF signals. It consists of two input ports, two output 
ports and two tunable DC sources which are controlled by means of a system control unit 902. Thereby, a DC offset 
voltage - Uqc-, or U DC2 , respectively - is added to each input signal in order to manage said DC offset compensation. 

40 Besides, it should be mentioned that the applied DC voltages U DC1 and U DC2 may also take negative values. 
[0055] In this context the proposed structure can be operated in three modes: 

connected to the l/Q modulator 1 1 2a, 
connected to the l/Q demodulator 112b, or 
45 - connected to the joined l/Q modulator and l/Q demodulator structure 41 0 which can be applied to half duplex time 
division radio systems. 

[0056] In the latter case, the values of said DC voltages U DC1 and U DC2 used for providing a DC offset compensation 
for either receive (RX) or transmit (TX) operation mode may be different. 

so [0057] Fig. 1 0 exhibits a vector diagram 1 000 which illustrates the problem of an l/Q imbalance before an imbalance 
compensation is performed. If the in-phase signal i(t) and the quadrature q(t) signal are plotted in a complex diagram, 
adding i(t) and j q(t) leads to a false end position x LP (t), marked with "x". The precise position x LP '(t), marked with "x ,M , 
can not be achieved due to a phase mismatch between the in-phase (I) signal and the quadrature (Q) signal. In other 
words, the phase difference between the in-phase signal (I) and the quadrature (Q) signal is not equal to 90°. 

55 [0058] In Fig. 11 two mechanisms 1100a+b according to the preferred embodiment of the underlying invention for 
compensating the l/Q imbalance are presented, which are realized by means of the analog four-port hardware structure 
as depicted in Figs. 2 to 8. Using equation (1), the correction procedure in case of a phase mismatch 6 without any 
amplitude mismatch e can be described as follows: 
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'i'(t)" 








"i (t)" 


_q*(t)_ 








_q(t)_ 



10 



wherein 



and 



Gl : =-tan(e ) = -e. T ^fore.^«1, 



15 



G 2 := sec(G) = 



1 



- 1 



forG- 



« 1. 



cos(6) 180° 

[0059] If both an amplitude mismatch e and a small phase mismatch 6 have to be considered, the correction yields: 



20 



"i'(t)" 


- f 1 G 0 




"i (tf 


_q'(t)_ 






_q(t)_ 



25 



wherein 



G 1 :=-K-tan(G) . 



-K-9- 



180' 



forG- 



180* 



«1, 



and 



30 



35 



40 



45 



50 



Gp := K-sec(B) ^ ^— - K for e--£~ 
2 v ' cos(G) 180 < 



<< 1, 



thereby using K := 1 + e. 

[0060] Fig. 12 shows the entire direct down- and up-conversion RF system 1200 according to the preferred embod- 
iment of the underlying invention comprising a joined l/Q modulator and l/Q demodulator structure 1204 as depicted 
in Fig. 4. Said system can advantageously be applied to the HiperLAN/2 (H2) standard and the IEEE 802.11a RF 
architecture solution being operated between 5 and 6 GHz. Furthermore, the proposed system 1200 can advanta- 
geously be realized by integrating components providing different RF functions on the same RF chip. For the integration 
of major functional blocks - aside from functional blocks comprising a power amplifier gain block 1206a and a low noise 
amplifier gain block 1206b - CMOS technology is applied. It should be noted that the antenna system 121 0 shown in 
Fig. 12 can optionally comprise antenna diversity technology such as switching, combining and/or beamforming with 
more than one antenna element. 

[0061] In the following, the calibration procedure performed in the demodulator shall be explained in detail. 
1 . Phase offset compensation 

[0062] In order to describe the calibration procedure applied to compensate phase offsets, an input signal shall be 
assumed at the input ports of the l/Q demodulator showing a specific frequency offset f )F compared with the frequency 
f LO of the local oscillator (LO). After having sampled the input signals i(t) and q(t), the real phase difference AQ> between 
these signals can be measured by calculating 
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A<t> := Z [l(f, =[f in -f^|)-Q*(f. =|f in -f,o|)] 



k x • k 2 > - 1 



^l(f k =|fin -f,o|) - ^QU =l f in - f Lo|) 

-180° + Zl(f k =|f in -f^l) - ZQ(f k =|f in -f LO |) for k l > 0 a k, k 2 < -1 
+ 180° + Zl(f k =|f in -fj) - ZQ(f k =|f in -fj) for k l < 0 a k,k 2 < -1 



with 



75 



_ Im{l(f l[ =|f tB -f L0 [)} _ Im{Q(f k ^|f ln -f LO l)} 

*' := Re{l(f k =|f in -f,o!)) 1 Re{Q(f k =|f in -f L o|))' 



thereby using 



20 



25 



30 



Z z = 



arc tan (im {z }/Re {z }) for Re{z}>0 and lm{z}>0 

360° -hare tan (im {z }/Re {z }) for Re{z}>0 and lm{z}<0 

for Re{z}<0 

for Re{z}>0 and lm{z}=0 

for Re{z} = 0 and lm{z}>0 

for Re{z}<0 and lm{z} = 0 

for Re{z} = 0 and lm{z}<0 



180° + arc tan (im {z }/Re {z }) 
0° 
90° 
180° 
270° 



V z = Re{z} + j-lm{z} = |z|-e j Zz G C with Z z G [0°;360° [ (on the assumption that |z| * 0) 



35 



and 



40 



45 



50 



arc tan, 



1 -r-x-y 



arc tan x - arc tan y for x-y > -1 

-180° + arc tan x - arc tan y for x > 0 a x-y < -1 

+ 180° + arc tan x - arc tan y for x < 0 a x-y < -1 

with x,y e 



wherein 
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25 



30 



45 



55 



fm = f rf is the frequency of the received RF 

signal before being down-converted to an 
5 intermediate frequency (IF), 

f L o is the frequency of the local oscillator 

(LO) applied to the I/Q demodulator, 
10 fi F = Ifin-fLol is an intermediate frequency (IF), 

I(f k ) = FFT{i(t n )} denotes the Fast Fourier Transform of the 

sampled in-phase (I) signal calculated at 



Z i(t ). e - j ' 2nkn/N discrete fre< ? uenc y f * (k = 0,...,N-l), 



n =0 



20 Q(fk) = FFT{q(t n )} denotes the Fast Fourier Transform of the 
N -i sampled quadrature (Q) signal calculated 

- n at the discrete frequency f k (k = 0, . . . ,N-1) , 



N - I 

I 

a =0 

e « 2.718281828 represents Euler's constant, 

j := V-T represents the imaginary unit, and 

denotes the complex conjugate operation. 

[0063] Said calculation yields a phase difference AO which should be close to ±90°. Hence, the obtained phase 
offset e is equal to 90°-A<I>. 

35 2. Amplitude offset calibration procedure 

[0064] In order to describe the calibration procedure applied to compensate amplitude offsets, an input signal shall 
be assumed at the input ports of the l/Q demodulator showing a frequency offset f iF of a few MHz compared with the 
frequency f LO of the local oscillator (LO). Ideally, the input signals i(t) and q(t) should be sinusoidal and orthogonal, 
40 which means that the phase difference between i(t) and q(t) is exactly equal to 90°. Then, the real amplitude ratio K 
between these signals can be measured by calculating 



K := 



Qfo H f m -fu>|) 



[0065] Said calculation yields an amplitude ratio K which should be close to 1 . Hence, the obtained amplitude offset 
50 £ is equal to K-1 . 

[0066] In order to perform an amplitude offset calibration procedure for DC offsets arising from an imbalance of the 
l/Q demodulator, it has to be guaranteed that no signal is present at the input ports of the l/Q demodulator. On the 
assumption that 



i(t)=0 A q(t)=0, 

the average DC levels at the output ports of the in-phase and quadrature signals can be measured. According to 
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another method of the underlying invention, the average of a sinusoidal wave could be measured in order to determine 
DC offsets. 

[0067] In order to perform an amplitude offset calibration procedure for DC offsets arising from an imbalance of the 
l/Q modulator, the RF power at the I output port of the digital-to-analog converter (DAC) has to be measured for the 
5 following case: 

i(t) - sin(2*.f RF .t)Aq(t)=0. 

10 [0068] Next, the RF power at the Q output port of the digital-to-analog converter (DAC) has to be measured for the 
following case: 

i(t)=0Aq( t ) ~ sin(2iE.f RF t). 

15 

[0069] After that, the RF power difference between the RF power at the I output port and RF power at the Q output 
port can be calculated in order to accordingly compensate amplitude offsets. Thereby, it should be mentioned that said 
calibration may be performed in the process of manufacturing. 

[0070] During the process of calibration the gain values G 1? G 2 needed for a compensation of the l/Q imbalance and 
20 the DC offset voltages U DC1 and U DC2 needed for a correction of the DC offsets are calculated and after that fed to 

the digital processing unit 102. It determines the values of G 1f G 2 , U DC1 and U DC2 for a specific frequency channel of 

operation. It should be noted that the calibration may be performed in the process of manufacturing. Thereby, said 

digital processing unit 102 is provided with a look-up table comprising predefined compensation settings. 

[0071] A simulation of the l/Q compensation is depicted in Figs. 13 and 14. The simulation set-up 1300 is shown in 
25 Fig. 13, which exhibits the compensation of the in-phase (I) and the quadrature (Q) channels according to the preferred 

embodiment of the underlying invention. Here, a precise 90° phase and 0 dB amplitude relationship can be achieved 

between the in-phase (I) and the quadrature (Q) channel 

[0072] Fig. 14a exhibits a FFT spectrum 1400a in case of a single-sideband (SSB) rejection, in which a compensation 
of the l/Q imbalance is not performed. Analogously, Fig. 14b exhibits a FFT spectrum 1400b in case of a single-sideband 
30 (SSB) rejection, in which a compensation of the l/Q imbalance is performed according to the preferred embodiment of 
the underlying invention. Thereby, the scalar gains G 1 and G 2 of the compensation amplifiers can be taken from the 
square box at the very bottom. As can be seen from Figs. 14a and 14b, the unwanted sideband is much better sup- 
pressed at the compensated output under the noise floor 

35 Measured results for DC offset compensation 

[0073] In the following sections, the structure of the i/Q modulator as depicted in Fig. 13, which can also be used as 
an l/Q demodulator, is analyzed. It comprises two mixers 1304a+b, and one 90° coupler providing them with a LO 
frequency. The offset voltages applied to compensate DC offsets at the output ports 1 308a+b of the in-phase (I) and 
40 quadrature (Q) signal can be taken from the following table: 



LO Frequency [GHz] 


DC Offset Voltage U DC1 [mV] at the Output 
Port of the In-phase (I) Signal 


DC Offset Voltage U DC2 [mV] at the Output 
Port of the Quadrature (Q) Signal 


5.0 


+57 


-43 


5.1 


+52 


-54 


5.2 


+44 


-61 


5.3 


+31 


-69 


5.4 


+18 


-79 


5.5 


+7 


-84 


5.6 


-10 


-88 


5.7 


-26 


-86 


5.8 


-46 


-85 


5.9 


-65 


-75 
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(continued) 



LO Frequency [GHz] 


DC Offset Voltage [mV] at the Output 
Port of the In-phase (I) Signal 


DC Offset Voltage U DC2 [mV] at the Output 
Port of the Quadrature (Q) Signal 


6.0 


-87 


-68 



[0074] Thereby, the LO frequency f LO is varied between 5 and 6 GHz, and a sinusoidal input signal is placed at a 
frequency offset f, F of 9 MHz away from the carrier frequency f RF . By adding said offset values as depicted in Fig. 9, 
a carrier cancellation of 40 dB can be achieved. It should be noted that the applied offset values U DC1 and U DC2 are 
steadily changing, if different frequencies or different communication channels within the 5 to 6 GHz band are used. 
[0075] In other words, specific settings of U DC1 and U DC2 can advantageously be applied to specific communications 
channels. Thereby, the system control unit 502, 602, 702 or 802 sets said DC calibration values U DC1 and U DC2 by 
simultaneously addressing the specific operation channel and selecting specific LO frequencies. Alternatively, if the 
number of operation frequency channels is limited, said DC calibration values U DC1 and U DC2 are calculated by means 
of a polynomial interpolation of the given calibration. By changing the values of the voltages U DC1 and U DC2 in the 



20 


range of -100 to +1 00 mV, a DC offset compensation can be achieved. 

;0076] The significance of the symbols designated with reference signs in the Figs. 1 a to 1 4b can be taken from the 
appended table of reference signs. 

;0077] Table of the depicted features and their corresponding reference signs 




No. 


Feature 




100a 


block diagram showing the structure of the l/Q modulator 112a in a mobile transmitter according to the 
state of the art 


25 


100b 


block diagram showing the structure of the l/Q demodulator 112b in a direct down-conversion receiver 
according to the state of the art 




102 


digital processing unit used for a digital compensation of the l/Q imbalance 


30 


104a 


combined structure comprising two low-pass filters 105a and two digital-to-analog converters 105b 




104b 


combined structure comprising two low-pass filters 105a and two analog-to-digital converters 105c 




105a 


low-pass filter (LPF) 




105b 


digital-to-analog converter (DAC) 


35 


105c 


analog-to-digital converter (ADC) 




106 


local oscillator (LO) 




108a 


1 st up-conversion mixer of the l/Q modulator 112a 


40 


108b 


2 nd up-conversion mixer of the l/Q modulator 112a 




108c 


1 st down-conversion mixer of the l/Q demodulator 112b 




108d 


2 nd down-conversion mixer of the l/Q demodulator 112b 




109a 


90° phase shifter (Hilbert transformer) of the l/Q modulator 112a 


45 


109b 


90° phase shifter (Hilbert transformer) of the l/Q demodulator 112b 




110a 


summation element of the l/Q modulator 112a 




110b 


splitting element of the l/Q demodulator 112b 


50 


112a 


l/Q modulator of a mobile transmitter according to the state of the art 




112b 


l/Q demodulator of a direct down-conversion receiver 




200 


structure of the l/Q demodulator 112b comprising additional analog hardware functionality 202a+b 


55 


202a 


1 st analog four-port hardware structure for performing an l/Q imbalance compensation in the scope of an 
l/Q demodulation 




202b 


2 nd analog four-port hardware structure for performing a DC offset compensation in the scope of an l/Q 
demodulation 
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(continued) 





No. 


Feature 


5 


300 


structure of the l/Q modulator 112a comprising additional analog hardware functionality 




302a 


1 st analog four-port hardware structure for performing an l/Q imbalance compensation in the scope of an 
l/Q modulation 


10 


302b 


2 nd analog four-port hardware structure for performing a DC offset compensation in the scope of an l/Q 
modulation 


400 


functionality of the proposed joined l/Q modulator and l/Q demodulator 41 0, which is suitable for half 
duplex time division radio systems 




402 


TX/RX direct current (DC) switch 


15 


404a 


1 st analog four-port hardware structure for performing an l/Q imbalance compensation applied to calibrate 
a joined l/Q modulator and l/Q demodulator 41 0 aoolied to half dunlpy tim^ Hivkinn raHin ewetomc 

j . ■ — u w i ■ i wuu iulu i — riw up|JHCLi lU I lull U U yj 1 CA LI 1 1 IK? Ul VloiUI 1 1 ClLl 1 L> oya LtJI 1 IS 




404b 


2 nd analoq four-oort hardware structure for Derforminn a DC nffQAt mmn^ncatinn anniioH tr» /-*oiiHrot« o 
joined l/Q modulator and l/Q demodulator 410 applied to half duplex time division radio systems 


20 


406a 


1 st up-/down-conversion mixer of the joined l/Q modulator and l/Q demodulator 410 




406b 


2 nd upVdown-conversion mixer of the joined l/Q modulator and l/Oripmnrtnlfltnr4in 




407 


90° phase shifter (Hilbert transformer) of the joined l/Q modulator and l/Q demodulator 41 0 




408 


summation/splitting element of the joined l/Q modulator and l/Q demodulator 410 


25 


410 


joined l/Q modulator and l/Q demodulator structure applied to half duplex time division radio systems 




500a 


general solution for the proposed analog four-port hardware structure 404a used for compensating the I/ 
Q imbalance of an l/Q modulator 112a 


30 


500b 


special solution for the proposed analog four-port hardware structure 404a with a reduced complexity 
used for compensating the l/Q imbalance of an l/Q modulator 112a, which can be used when the phase 
imbalance is considered as small 




502 


system control unit applied to adjust the gain values of the variable gain amplifiers 504a (and 504b) of the 
analog four-port hardware structure 404a 


35 


504a 


1 st variable gain amplifier (VGA) providing the gain value G 1 according to the general and/or special 
solution 500a/b for the proposed analog four-port hardware structure 404a 




504b 


2 nd variable gain amplifier (VGA) providing the gain value G 2 according to the general solution 500a for 
the proposed analog four-port hardware structure 404a 


40 


506 


summation element according to the general and/or special solution 500a/b for the proposed analog four- 
port hardware structure 404a 




600a 


general solution for the proposed analog four-port hardware structure 404a used for compensating the 1/ 
Q imbalance of an l/Q demodulator 1 1 2b 


45 


600b 


special solution for the proposed analog four-port hardware structure 404a with a reduced complexity 
used for compensating the l/Q imbalance of an l/Q demodulator 112b, which can be used when the phase 
imbalance is considered as small 


50 


602 


system control unit applied to adjust the gain values of 

the variable gain amplifiers 604a (and 604b) of the analog four-port hardware structure 404a 




604a 


1 st variable gain amplifier (VGA) providing the gain value G., according to the general and/or special 
solution 600a/b for the proposed analog four-port hardware structure 404a 


55 


604b 


2 nd variable gain amplifier (VGA) providing the gain value G 2 according to the general solution 600a for 
the proposed analog four-port hardware structure 404a 




606 


summation element according to the general and/or special solution 600a/b for the proposed analog four- 
port hardware structure 404a 
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(continued) 





No. 


Feature 


5 


700 


general solution for the proposed analog four-port hardware structure 404a used for compensating the 1/ 
Q imbalance in case of a joined l/Q demodulator and l/Q modulator 41 0 applied to half duplex time division 
radio systems 




702 


system control unit applied to adjust the gain values of the variable gain amplifiers 704a (and 704b) of the 
analog four-port hardware structure 404a 


10 


704a 


Invariable gain amplifier (VGA) providing the gain value G., according to the general solution 700 for the 
proposed analog four-port hardware structure 404a 




704b 


2 nd variable gain amplifier (VGA) providing the gain value G 2 according to the general solution 700 for 
the proposed analog four-port hardware structure 404a 


15 


706 


summation element according to the general solution 700 for the proposed analog four-port hardware 
structure 404a 




708a 


1 st TX/RX switch according to the general solution 700 for the proposed analog four-port hardware 
structure 404a 


20 


708b 


2 nd TX/RX switch according to the general solution 700 for the proposed analog four-port hardware 
structure 404a 




708c 


3 rd TX/RX switch according to the general solution 700 for the proposed analog four-port hardware 
structure 404a 


25 


800 


special solution for the proposed analog four-port hard- 
ware structure 404a with reduced complexity used for compensating the l/Q imbalance for the joined case 
of an l/Q demodulator and an l/Q modulator 41 0 applied to half duplex time division radio systems for 
cases where the phase imbalance can be considered as small 


30 


802 


system control unit applied to adjust the gain value of the variable gain amplifier 804 of the analog four- 
port hardware structure 404a 




804 r 


variable gain amplifier (VGA) providing the gain value G A according to the special solution 800 for the 
proposed analog four-port hardware structure 404a 


35 


806 ... 


summation element according to the general solution 800 for the proposed analog four-port hardware 
structure 404a 




900 


solution for the proposed analog four-port hardware structure 404b used for compensating DC offsets 


40 


902 


system control unit applied to adjust the DC offset voltages of the adjustable constant- voltage generators 
904a+b of the analog four-port hardware structure 404b 


904a 


1 st adjustable constant-voltage generator providing the DC offset voltage U DC1 according to the solution 
900 for the proposed analog four-port hardware structure 404b 


45 


904b 


2 nd adjustable constant- voltage generator providing the DC offset voltage U DC2 according to the solution 
900 for the proposed analog four-port hardware structure 404b 


906a 


1 st summation element according to the solution 900 for the proposed analog four-port hardware structure 
404b 




906b 


2 nd summation element according to the solution 900 f orthe proposed analog four-port hardware structure 
404b 


50 


1000 


vector diagram showing the problem of the l/Q imbalance before being compensated 




1100a 


1 st mechanism for compensating the l/Q imbalance realized by means of the analog four-port hardware 
structure 404a as depicted in Figs. 4 to 8 in case of phase mismatches 
(relative to the in-phase input signal) without any amplitude mismatches 


55 


1100b 


2 nd mechanism for compensating the l/Q imbalance realized by means of the analog four-port hardware 
structure 404a as depicted in Figs. 4 to 8 in case of phase mismatches (relative to the in-phase input 
signal) and amplitude mismatches 
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(continued) 



No. 


Feature 


1200 


complete direct down-conversion receiver realizing the analog approach 


1202 


combined structure comprising low-pass filters (LPFs), analog-to-digital converters (ADCs) and digital-to- 
analog converters (DACs) 


1204 


combined structure comprising an l/Q modulator and an l/Q demodulator using two upVdown-conversion 
mixers applied to half duplex time division radio systems 


1206a 


power amplifier (PA) gain block comprising means for performing an automatic gain control (AGC) 


1206b 


low noise amplifier (LNA) gain block comprising means for performing an automatic gain control (AGC) 


1207 


TX/RX switch 


1208 


RF band filter bank comprising at least one band pass filter (BPF) 


1210 


antenna system with an optional RX/TX diversity or beam-forming capability 


1300 


simulation set-up for the compensation of the in-phase (I) and quadrature (Q) channel 


1302 


l/Q demodulator 


1304a 


1 st variable gain amplifier (VGA) having the gain value G-, 


1304b 


2 nd variable gain amplifier (VGA) having the gain value G 2 


1306 


summation element 


1308a 


1 st input port providing the uncompensated in-phase channel input signal i(t) 


1308b 


2 nd input port providing the uncompensated quadrature 
channel input signal q(t) 


1308c 


1 st output port providing the compensated in-phase channel output signal i'(t) 


1308d 


2 nd output port providing the compensated quadrature channel output signal q'(t) 


1400a 


FFT spectrum in case of a single-sideband (SSB) rejection , in which a compensation of the l/Q imbalance 
is not performed 


1400b 


FFT spectrum in case of a single-sideband (SSB) rejection , in which a compensation of the l/Q imbalance 
is performed 



Claims 

1 . An analog four-port hardware structure for processing modulated RF signals, wherein said analog four-port hard- 
ware structure (404a) comprises: 

a first input port (IP.,) for a first analog input signal, 
a second input port (IP 2 ) for a second analog input signal, 
a first output port (OP.,) for a first analog output signal, 
a second output port (OP 2 ) for a second analog output signal, 

at least two variable gain amplifiers (604a+b) providing different gain values (G«, and G 2 ) for amplifying analog 
signals, 

at least one summation element (606) for adding analog signals, 
wherein 

a signal from the second input port (IP 2 ) is multiplied by a positive or negative real factor (G^, added to the 
first analog input signal and fed to the first output port (OP.,), and 

a signal from the second input port (IP 2 ) is multiplied by a positive or negative real factor (G 2 ) and fed to the 
second output port (OP 2 ), 
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characterized in that 

said analog four-port hardware structure (404a) is connected between the down-conversion mixers (1 08c+d) and 
the analog-to-digital converter (105c) in a demodulator structure (200) in order to compensate imbalances caused 
by amplitude and/or phase offsets of said demodulator (112b). 

An analog four-port hardware structure for processing modulated RF signals, wherein said analog four-port hard- 
ware structure (404a) comprises: 

a first input port (IP.,) for a first analog input signal, 

a second input port (IP 2 ) for a second analog input signal, 

a first output port (OP.,) for a first analog output signal, 

a second output port (OP 2 ) for a second analog output signal, 

a variable gain amplifier (604a) providing a gain value (G-,) for amplifying an analog signal, 
one summation element for adding analog signals, 

wherein 

a signal from the second input port (IP 2 ) is multiplied by a positive or negative real factor (G.,), added to the 

first input signal and fed to the first output port (OP.,), and 

a signal from the second input port (IP 2 ) is fed to the second output port (OP 2 ), 

characterized in that 

said analog four-port hardware structure (404a) is connected between the down-conversion mixers (108c+d) and 
the analog-to-digital converter (105c) in a demodulator structure (200) in order to compensate imbalances caused 
by amplitude and/or phase offsets of said demodulator (112b). 

An analog four-port hardware structure according to anyone of the claims 1 and 2, 
characterized in that 

said analog four-port hardware structure (404a) is attached to an l/Q demodulator (112b). 

An analog four-port hardware structure according to claim 3, 
characterized in that 

the first analog input signal is the in-phase (I) signal and the second analog input signal is the quadrature (Q) signal 
of said l/Q demodulator (112b). 

An analog four-port hardware structure according to claim 3, 
characterized in that 

the first analog input signal is the quadrature (Q) signal and the second analog input signal is the in-phase (I) signal 
of said l/Q demodulator (112b). 

An analog four-port hardware structure according to anyone of the claims 1 to 5, 

comprising an additional analog four-port hardware structure (404b), which is placed immediately before or after 
said analog four-port hardware structure (404a), comprising: 

a first input port (IP 1 ') for a first analog input signal, 

a second input port (IP 2 ) for a second analog input signal, 

a first output port (OP.,*) for a first analog output signaL 

a second output port (OP 2 ) for a second analog output signal, 

characterized in that 

different DC voltages (U DC1 , U DC2 ) being optionally controlled by a system control unit (602) are added to each of 
said analog input signals. 

An analog four-port hardware structure used for processing modulated RF signals, wherein said analog four-port 
hardware structure (404a) comprises: 

a first input port (IP.,) for a first analog input signal, 

a second input port (IP 2 ) for a second analog input signal, 
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a first output port (OP.,) for a first analog output signal, 

a second output port (OP 2 ) for a second analog output signal, 

at least two variable gain amplifiers (504a+b) providing different gain values (G A and G 2 ) for amplifying analog 
signals, 

at least one summation element (506) for adding analog signals, 
wherein 

a signal from the second input port (IP 2 ) is multiplied by a positive or negative real factor (G-,), added to the 
first analog input signal and fed to the first output port (OP n ), and 

a signal from the second input port (IP 2 ) is multiplied by a positive or negative real factor (G 2 ) and fed to the 
second output port (OP 2 ) } 

characterized in that 

said analog four-port hardware structure (404a) is connected between the up-conversion mixers (1 08a+b) and the 
digital-to-analog converter (105b) in a modulator structure (300) in order to compensate imbalances caused by 
amplitude and/or phase offsets of said modulator (112a). 

8. An analog four-port hardware structure used for processing modulated RF signals, wherein said analog four-port 
hardware structure (404a) comprises: 

a first input port (IP-,) for a first analog input signal, 

a second input port (IP 2 ) for a second analog input signal, 

a first output port (OP-,) for a first analog output signal, 

a second output port (OP 2 ) for a second analog output signal, 

a variable gain amplifier (504a) providing a gain value (G-,) for amplifying an analog signal, 
one summation element for adding analog signals, 

wherein 

a signal from the second input port (IP 2 ) is multiplied by a positive or negative real factor (G^, added to the 

first input signal and fed to the first output port (OP-j), and 

a signal from the second input port (IP 2 ) is fed to the second output port (OP 2 ), 

characterized in that 

said analog four-port hardware structure (404a) is connected between the up-conversion mixers (1 08a+b) and the 
digital-to-analog converter (105b) in a modulator structure (300) in order to compensate imbalances caused by 
amplitude and/or phase offsets of said modulator (112a). 

9. An analog four-port hardware structure according to anyone of the claims 7 and 8, 
characterized in that 

said analog four-port hardware structure (404a) is attached to an l/Q modulator (112a) of a mobile transmitter. 

10. An analog four-port hardware structure according to claim 9, 
characterized in that 

the first analog input signal is the in-phase (I) signal and the second analog input signal is the quadrature (Q) signal 
of said l/Q modulator (112a). 

11. An analog four-port hardware structure according to claim 9, 
characterized in that 

the first analog input signal is the quadrature (Q) signal and the second analog input signal is the in-phase (I) signal 
of said l/Q modulator (112a). 

12. An analog four-port hardware structure according to anyone of the claims 7 to 11 , 

comprising an additional analog four-port hardware structure (404b), which is placed immediately before or after 
said analog four-port hardware structure (404a), comprising: 

a first input port (IP 1 ') for a first analog input signal, 



22 



1 29879 1A1 I > 



EP 1 298 791 A1 



a second input port (IP 2 ') for a second analog input signal, 

a first output port (OP/) for a first analog output signal 

a second output port (OP 2 ') for a second analog output signal, 

5 characterized in that 

different DC voltages (U DC1 , U DC2 ) being optionally controlled by a system control unit (502) are added to each of 
said analog input signals. 

13. An analog four-port hardware structure for processing modulated RF signals, wherein said analog four-port hard- 
10 ware structure (404a) comprises: 

a first input port (IP.,) for a first analog input signal, 
a second input port (IP 2 ) for a second analog input signal, 
a first output port (OP-,) for a first analog output signal, 
15 a second output port (OP 2 ) for a second analog output signal, 

at least two variable gain amplifiers (704a+b) providing different gain values (G 1 and G 2 ) for amplifying analog 
signals, 

at least one summation element (706) for adding analog signals, 
20 wherein 

a signal from the second input port (IP 2 ) is multiplied by a positive or negative real factor (G.,), added to the 
first analog input signal and fed to the first output port (OP^, and 

a signal from the second input port (IP 2 ) is multiplied by a positive or negative real factor (G 2 ) and fed to the 
25 second output port (OP 2 ), 

characterized in that 

said analog four-port hardware structure (404a) is connected between the up-/down-conversion mixers (406a+b), 
the digital-to-analog converter (105b) and/or the analog-to-digital converter (105c) in a joined modulator/demod- 
30 ulator structure (400) in order to compensate imbalances caused by amplitude and/or phase offsets of said joined 

modulator/demodulator (410). 

14. An analog four-port hardware structure used for processing modulated RF signals, wherein said analog four-port 
hardware structure (404a) comprises: 

35 

a first input port (IP.,) for a first analog input signal, 
a second input port (IP 2 ) for a second analog input signal, 
a first output port (OP.,) for a first analog output signal, 
a second output port (OP 2 ) for a second analog output signal, 
40 - a variable gain amplifier (704a) providing a gain value (G.,) for amplifying an analog signal, 

one summation element for adding analog signals, 

wherein 

45 a signal from the second input port (IP 2 ) is multiplied by a positive or negative real factor (G.,), added to the 

first input signal and fed to the first output port (OP.,), and 

a signal from the second input port (IP 2 ) is fed to the second output port (OP 2 ), 
characterized in that 

50 said analog four-port hardware structure (404a) is connected between the up-/down-conversion mixers (406a+b), 

the digital-to-analog converter (1 05b) and/or the analog-to-digital converter (1 05c) in a joined modulator/demod- 
ulator structure (400) of a direct-conversion transceiver in order to compensate imbalances caused by amplitude 
and/or phase offsets of said joined modulator/demodulator (410). 

55 15. An analog four-port hardware structure according to anyone of the claims 13 and 14, 
wherein 

said analog four-port hardware structure (404a) is attached to a joined l/Q modulator and l/Q demodulator of a 
direct-conversion transceiver used for half duplex time division radio systems, comprising: 
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10 



15 



20 



at least two up-/down-con version mixers (406a+b), 

one TX/RX switch (402) at each side of an analog low-pass filter bank comprising at least two analog low- 
pass filters (1 05a) with the same cut-off frequency, 

two variable gain amplifiers (704a+b) providing different gain values (G 1 and G 2 ) for amplifying analog signals, 
one summation element (706) for adding analog signals, 

characterized in that 

said analog four-port hardware structure (404a) is placed between the up-/down-conversion mixers (406a+b) and 
one TX/RX switch (402) in order to compensate imbalances caused by amplitude and/o.* phase offsets. 

16. An analog four-port hardware structure according to claim 15, 
characterized in that 

the first analog input signal is the in-phase (I) signal and the second analog input signal is the quadrature (Q) signal 
of a quadrature demodulator (112b) in a direct down-conversion receiver. 

17. An analog four-port hardware structure according to claim 15, 
characterized in that 

the first analog input signal is the quadrature (Q) signal and the second analog input signal is the in-phase (I) signal 
of a quadrature demodulator (112b) in a direct down-conversion receiver. 

18. An analog four-port hardware structure according to anyone of the claims 13 to 17, 

comprising an additional analog four-port hardware structure (404b), which is placed immediately before or after 
said analog four-port hardware structure (404a), comprising: 

25 - a first input port (IP-i') for a first analog input signal, 

a second input port (IP 2 ') for a second analog input signal, 

a first output port (OP-, 1 ) for a first analog output signaL 

a second output port (OP 2 ') for a second analog output signal, 

30 characterized in that 

different DC voltages (U DC1 , U DC2 ) being optionally controlled by a system control unit (902) are added to each of 
said analog input signals. 

19. Method for calibrating the in-phase (I) and the quadrature (Q) signal in the l/Q demodulator (1 1 2b) of a direct down- 
35 conversion receiver, 

characterized in that 

an analog four-port hardware structure (404a) is applied according to anyone of the claims 1 to 5 to compensate 
l/Q mismatches caused by amplitude and/or phase imbalances. 

40 20. Method for calibrating the in-phase (I) and the quadrature (Q) signal in the l/Q demodulator (1 1 2b) of a direct down- 
conversion receiver, 
characterized in that 

an analog four-port hardware structure (404b) is applied according to claim 6 to compensate l/Q mismatches 
caused by DC offset voltages. 

45 

21 . Method for calibrating the in-phase (I) and the quadrature (Q) signal in the l/Q modulator (1 1 2a) of a mobile trans- 
mitter, 

characterized in that 

an analog four-port hardware structure (404a) is applied according to anyone of the claims 7 to 11 to compensate 
50 |/Q mismatches caused by amplitude and/or phase imbalances. 

22. Method for calibrating the in-phase (I) and the quadrature (Q) signal in the l/Q modulator (1 1 2a) of a mobile trans- 
mitter, 

characterized in that 

55 an analog four-port hardware structure (404b) is applied according to claim 12 to compensate l/Q mismatches 

caused by DC offset voltages. 

23. Method for calibrating the in-phase (I) and the quadrature (Q) signal in the joined l/Q demodulator and l/Q modulator 
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(410) of a direct-conversion transceiver, 
characterized in that 

an analog four-port hardware structure (404a) is applied according to anyone of the claims 1 3 to 1 7 to compensate 
l/Q mismatches caused by amplitude and/or phase imbalances. 

5 

24. Method for calibrating the in-phase (I) and the quadrature (Q) signal in the joined l/Q demodulator and l/Q modulator 
(41 0) of a direct-conversion transceiver, 

characterized in that 

an analog four-port hardware structure (404b) is applied according to claim 18 to compensate l/Q mismatches 
10 caused by DC offset voltages. 

25. A direct down-conversion receiver for receiving modulated radio frequency (RF) signals, comprising: 

at least one antenna for receiving RF signals, 
15 - at least one analog four-port hardware structure (404a+b) according to anyone of the claims 1 to 6, 

one l/Q demodulator (112b) used for a down-conversion of received RF signals to the baseband, comprising: 

one tunable local oscillator (1 06) for providing at least one reference frequency, 

two down-conversion mixers (108c+d) used for a signal down-conversion of a received signal frequency, 

20 

characterized in that 

at least one of said analog four-port hardware structures (404a+b) is placed between the down-conversion mixers 
(108c+d) and the analog-to-digital converter (105c) in the demodulator structure (200) of the direct down-conver- 
sion receiver in orderto compensate imbalances caused by amplitude and/or phase offsets of said l/Q demodulator 
25 (112b). 

26. A mobile transmitter for transmitting modulated radio frequency (RF) signals, comprising: 

at least one antenna for transmitting RF signals, 
30 - at least one analog four-port hardware structure (404a+b) according to anyone of the claims 7 to 12, 

one l/Q modulator (112a) used for an up-conversion of baseband signals to be transmitted to the radio fre- 
quency (RF), comprising: 

one tunable local oscillator (1 06) for providing at least one reference frequency, 
35 - two up-conversion mixers (1 08a+b) used for a signal up-conversion of a signal frequency to be transmitted, 

characterized in that 

at least one of said analog four-port hardware structures (404a+b) is placed between the up-conversion mixers 
(1 08a+b) and the digital-to-analog converter (1 05b) in the modulator structure (300) of a mobile transmitter in order 
40 to compensate imbalances caused by amplitude and/or phase offsets of said l/Q modulator (112a). 

27. A direct-conversion transceiver for transmitting and receiving modulated radio frequency (RF) signals 
wherein said direct-conversion transceiver comprises: 

45 - at least one antenna for transmitting and receiving radio frequency (RF) signals, respectively, 

at least one analog four-port hardware structure (404a-i-b) according to anyone of the claims 13 to 1 8, 
one joined l/Q demodulator and l/Q modulator (41 0) used for a down-conversion of received RF signals to the 
baseband and/or an up-conversion of baseband signals to be transmitted to the radio frequency (RF), com- 
prising: 

50 

at least one tunable local oscillator (106) for providing a reference frequency, 

two up -/down -conversion mixers (406a+b) used for a signal up-/down-conversion of analog signals, 
characterized in that 

55 at least one of said analog four-port hardware structures (404a+b) is placed between the up-/down-conversion 

mixers (406a+b), the digital-to-analog converter (105b) and/or the analog-to-digital converter (105c) in the joined 
l/Q modulator/demodulator structure (400) in order to compensate imbalances caused by amplitude and/or phase 
offsets of said joined l/Q demodulator and l/Q demodulator (410). 
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28. A method for receiving modulated radio frequency (RF) signals, 
characterized in that 

a direct down-conversion receiver according to claim 25 is employed. 

5 29. A method for transmitting modulated radio frequency (RF) signals, 
characterized in that 

a mobile transmitter according to claim 26 is employed. 

30. A method for transmitting and/or receiving modulated radio frequency (RF) signals, 
10 characterized in that 

a direct -con version transceiver according to claim 27 is employed. 

31. A mobile telecommunications device, 
characterized in that 

15 it comprises a direct down-conversion receiver according to claim 25. 

32. A mobile telecommunications device, 
characterized in that 

it comprises a mobile transmitter according to claim 26. 

20 

33. A mobile telecommunications device, 
characterized in that 

it comprises a direct-conversion transceiver according to claim 27. 

25 
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